The human ␤-globin locus provides a model system to study the interplay between chromatin structure and transcriptional regulation. The locus is located on chromosome 11 (11p15.5) and contains five developmentally regulated erythroid cell-specific genes arranged in the order in which they are expressed during development (5Ј-ε-G␥-A␥-␦-␤-3Ј) and an upstream regulatory region characterized by five DNase I-hypersensitive sites (HSs; see Fig. 1 ). By convention, these 5ЈHSs are denoted 5ЈHS1, 5ЈHS2, etc., with 5ЈHS1 being the most 3Ј and located closest to the ε-globin gene. The importance of the upstream regulatory region was established by an analysis of the effects of a naturally occurring deletion which removes 5ЈHS2 to 5ЈHS5 and 25 kb of additional sequences 5Ј of the HSs (Hispanic thalassemia). The chromosome carrying the deletion was transferred from lymphocytes of the thalassemic patient into murine erythroleukemia (MEL) cells to create the thalassemia line T-MEL. It was found that the mutation abolishes transcription of the adult human ␤-globin gene, prevents formation of 5ЈHS1 and other HSs throughout the locus, and renders the chromatin of the locus resistant to DNase I, indicative of a "closed" chromatin structure (19) . In addition, the replication timing of the locus is changed from early to late in S phase (19) and a different origin of replication is used, even though the normal origin lies more than 50 kb from the site of the deletion (1, 36) . The region containing the five HSs was termed the locus control region (LCR), because of its global effects on the locus. In transgenic mice, the LCR permits the expression of linked genes in all lines independent of the integration site (26) , and regions with LCR properties have now been found in numerous other genes (reviewed in reference 35) .
The properties of the ␤-globin LCR make it an interesting paradigm to study the global regulation of gene expression over large distances and the role that modulation of chromatin structure plays in transcriptional regulation. A variety of functional assays, including transient-and stable-transfection assays in cell lines and transgenic analyses, have been used in attempts to elucidate the function of the ␤-globin LCR and its component HSs. In general, these studies have demonstrated that the LCR and its component HSs demonstrate much higher activity in erythroid cells than in other cell types (5, 18, 44, 47, 63) and that for any given activity, the full LCR is more active than any individual component, suggesting interaction or additive effects among the individual sites (11, 18, 46, 55, 60) . In addition, 5ЈHS2 and the full LCR are qualitatively equivalent: both function as classical enhancers in transienttransfection assays, increase the number of expressing clones when stably integrated in cell lines, and confer position independence and high-level expression in transgenic mice (5, 18, 41, 45, 58, 60, 63) . In contrast to 5ЈHS2, both 5ЈHS3 and 5ЈHS4 have weak or no enhancer activity in transient-transfection assays but are active in colony assays when stably integrated and in transgenic mice (20, 30, 52, 63) . Neither 5ЈHS1 nor 5ЈHS5 has appreciable activity in these transfection/transgenicmouse assays (9, 21, 32) . The failure of 5ЈHS1 to demonstrate activity in these assays is consistent with the lack of phenotypes associated with naturally occurring deletions of 5ЈHS1 in humans (37) and mice (3a) .
Although 5ЈHS5 does not demonstrate enhancer activity in transfection assays, it may play a functional role in the ␤-globin locus. Hypersensitivity at 5ЈHS5 is found in many nonerythroid cell lines, whereas 5ЈHS1 to 5ЈHS4 are predominantly erythroid cell specific (12, 61) , and 5ЈHS5 is contained on a 2.5-kb restriction fragment which was characterized as one of the potential matrix attachment regions within the ␤-globin locus (33) . In addition 5ЈHS5 increases the tendency for positionindependent transcription of a linked reporter (32, 68) and it has also been reported to block the activation of a promoter when placed between the promoter and an enhancer (39) . It has therefore been suggested that 5ЈHS5 serves as an insulator which shields the locus from neighboring chromatin. This role has also been postulated for HS4 of the chicken ␤-globin locus, which resembles human 5ЈHS5 in its broad tissue distribution and its relative position within the locus (8) .
While transfection and transgenic-mouse experiments have provided important information about the possible functions of the LCR, endogenous genes are regulated in defined chromosomal locations. Thus, analysis of unintegrated or randomly integrated constructs may overestimate, underestimate, or miss aspects of the activities of cis-regulatory elements, particularly those which influence chromatin, replication, and transcription over large distances. To examine how the LCR components interact to regulate the endogenous ␤-globin locus, we have developed homologous-recombination (HR) strategies for the mutational analysis of the endogenous human ␤-globin LCR in cell lines. Specifically, we studied the consequences of deleting those HSs of the LCR which are deleted in the Hispanic thalassemia deletion, as well as the consequences of the deletion of 5ЈHS5 on the chromatin structure and transcription of the ␤-globin locus. The results of these experiments show that in an erythroid background, the LCR is not required to maintain the open DNase I-sensitive chromatin structure of the locus but is essential for expression of all ␤-globin genes.
MATERIALS AND METHODS
Cell lines and culture conditions. The chicken pre-B-cell line DT40 was cultured in Dulbecco's modified Eagle's medium (MEM) with 10% bovine calf serum, 10% tryptone phosphate buffer, and 1% chicken serum. To select for the presence of marked human chromosome 11, hygromycin B (Boehringer Mannheim) was added to 500 g/ml.
MEL cells were cultured in Dulbecco's MEM with 10% bovine calf serum, and GM979 cells were cultured in Dulbecco's MEM with 10% fetal calf serum. To select for maintenance of human chromosome 11, hygromycin B was added to 750 g/ml.
Plasmid constructs and homologous recombination. The human chromosome 11 used in this study is the wild-type chromosome which was introduced into MEL cells from lymphocytes of a thalassemia patient, creating the N-MEL line (19) . The chromosome expresses ␤-globin, and all the HSs of the ␤-globin locus are present. The chromosome was marked in the ␤-globin locus and transferred into DT40, where it was modified as described by Dieken et al. (13) and reviewed in Results. The homologous recombination construct we used to create deletions within the LCR is illustrated in Fig. 1 . It contains the XhoI (Ϫ30.0 relative to the ε-globin gene)-EcoRI (Ϫ19.5) fragment 5Ј of 5ЈHS5 of the ␤-globin as the 5Ј region of homology, with a 34-bp loxP site (56) inserted into the BglII site at Ϫ22.3. The 3Ј region of homology consists of the ␤-globin sequences from the EcoRI site at Ϫ19.5 to the StyI site at Ϫ18.2 between 5ЈHS5 and 5ЈHS4. A pgk-promoter neomycin resistance gene cassette flanked by the loxP and 48-bp FRT sites (24, 57) was cloned into the position of the EcoRI site at Ϫ19.5. The HR construct also contains a thymidine kinase gene to select against nonhomologous integration events.
HR in DT40 was performed as described by Dieken et al. (13) . Briefly, cells were transfected with the linearized homologous recombination construct, incubated in nonselective medium for 24 h, and then plated into microtiter plates in DT40 conditioned medium containing 1.5 mg of G418 per ml and 10 M ganciclovir. Individual clones were expanded, and DNA was isolated and analyzed by Southern blotting.
Microcell-mediated chromosome transfer and site-specific recombination. Microcell-mediated chromosome transfer from DT40 to MEL/GM979 cells was performed as described previously (13) , except that 1.2 mg of G418 per ml was used to select for cells containing the marked chromosome 11.
The site-specific recombinases Cre and FLP were expressed in MEL/GM979 by using the vectors pMC-Cre (27) and an improved version of pOG44 (7a, 49), respectively. The recombinase expression plasmids were cotransfected with a lacZ reporter plasmid, and individual lacZ-positive cells were sorted into 96-well microtiter plates by using a B-D Vantage fluorescence-activated cell sorter apparatus. Clones were picked and plated in duplicate onto 24-well microtiter plates in medium containing either 750 g of hygromycin B per ml or 1.2 mg of G418 per ml. DNA from G418-sensitive, hygromycin B-resistant cells was analyzed by Southern blotting.
Analysis of the human chromosome by fluorescence in situ hybridization. Metaphase spreads from MEL or GM979 lines were prepared for in situ hybridization as described in reference 67. Human chromosome 11 paint (Coatasome 11; Oncor) was detected as described by the vendor. Hybridization to cosmid probes from the human 11p15 region was detected with fluorescently labeled tyramide reagents (NEN Life Sciences Products) as described in reference 64. In most lines, we saw hybridization against the Ha-ras probe (29) , located approximately 5 Mb from the ␤-globin locus toward the telomere, and against the J5-3 probe (40) , located approximately 5 Mb from the ␤-globin locus toward the centromere. The few lines that gave a signal with only one of these probes hybridized with both the N159-H3 probe (29) , located approximately 1,300 kb from the ␤-globin locus toward the telomere, and the N169-F10 probe (29) , located approximately 1,600 kb from the ␤-globin locus toward the centromere.
DNase I analysis. DNase I digestion in situ for HS analysis was performed as follows. Approximately 10 7 cells were pelleted, resuspended in RSB buffer (10 mM Tris [pH 7.4], 10 mM NaCl, 5 mM MgCl 2 ) containing 0.5% Nonidet P-40 (NP-40), and divided into 50-l aliquots. An equal volume of RSB buffer without NP-40 containing 0 to 40 mg of DNase I (Sigma) per ml was added, and digestion was performed for 4 min at room temperature. An equal volume of stop solution (20 mM Tris [pH 7.4], 600 mM NaCl, 10 mM EDTA, 1% sodium dodecyl sulfate, 400 g of proteinase K per ml) was added, and the lysates were incubated at 37°C overnight. DNA was isolated and analyzed.
For general DNase I sensitivity analysis, nuclei were isolated and digested with DNase I as described previously (19) . The following probes were used: EB, a 0.5-kb EcoRI-BglII fragment 5Ј of 5ЈHS5; RN, a 0.39-kb EcoRV-NdeI fragment 2 kb 3Ј of 5ЈHS1; m5ЈLCR, a 0.7-kb HpaI-KpnI fragment 5Ј of 5ЈHS6 of the murine ␤-globin LCR; h␤, a 7.0-kb EcoRI fragment from the human ␤-globin pseudogene; hmyoD, a 0.82-kb EcoRI fragment from the human myoD1 gene (generously provided by S. Tapscott); and 3Ј␤, a 1.9-kb EcoRI-XbaI fragment 3Ј of the human ␤-globin gene.
RT-PCR analyses. Expression analysis with a reverse transcription-PCR (RT-PCR) assay was performed analogously to that described in references 13 and 16. Briefly, cells were induced with 4 mM HMBA for 4 days. RNA was isolated with Trizol (Gibco BRL), and approximately 400 ng of RNA was used in an RT reaction at 37°C for 30 min with random hexamer primers. The RT reaction mixtures were diluted 1:25, and 2 l was used in a 25-l PCR in the presence of [␣-
32 P]dCTP (in addition to cold deoxynucleoside triphosphates) to coamplify human and murine DNAs. The following conditions were used: denaturation at 95°C for 2 min and then 95°C for 30 s, 63°C for 30 s, and 72°C for 1 min. For the HBG1/HBG2 primer pair, 21 cycles were used; for BHGAM1/BHGAM2 and EPEY1/EPEY2, 24 cycles were used.
The following primer pairs were used to analyze ␤-globin gene expression: HBG1 (GGT GGT CTA CCC TTG GAC CC) and HBG2 (GAT ACT TGT GGG CCA GGG CA) (a 343-bp PCR product was generated from human ␦-and ␤-globin as well as murine ␤maj and ␤min; a 10-l aliquot was digested with EcoRI in a 20-l reaction volume, yielding human digestion fragments of 266 and 77 bp); BHGAM1 (GGA GGA GAA ACC CTG GGA AG) and BHGAM2 (CCC AGG AGC TTG AAG TTC TC) (murine ␤h1 and human ␥-globin signals were coamplified; a 255-bp product was formed, and digestion with PvuII cut the human fragment into 195-and 60-bp fragments); and EPEY1 (TGG AGG TGA AGC CTT GGG) and EPEY2 (AGT CAG CAC CTT CTT GCC) (murine Ey and human ε globin were coamplified as a 140-bp fragment; the murine product was cleaved by RsaI into 110-and 30-bp fragments).
The PCR products were resolved on 5% nondenaturing polyacrylamide gels. The gels were dried and exposed to X-ray film as well as a PhosphorImager screen (Molecular Dynamics). Band intensities and background values in the scanned image file were quantitated with ImageQuant software, and background levels were subtracted from band intensities before calculation of ratios.
For analysis of adult ␤-globin expression in single cells and 10-cell pools, the cells were harvested on day 4 after induction, washed, and stained with propidium iodide; then single live cells were deposited into reaction tubes containing lysis buffer (0.04% NP-40, 1 U of RNasin [Promega] per l) by using a B-D Vantage fluorescence-activated cell sorter apparatus. RT was carried out with primer HBG2 for first-strand cDNA synthesis. The first round of PCR amplifications was performed by the addition of primer HBG1 and Taq polymerase (Cetus). The following cycle conditions were used: denaturation at 95°C for 2 min, and then 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s for 35 cycles. The first PCR mixture was diluted 1/100, and an aliquot was used as template for a second round of PCR, carried out in the presence of [␣-
32 P]dCTP (in addition to cold deoxynucleoside triphosphates) and the nested primer pair HBG3 and HBG4 (see below). The PCR conditions were as above, but only 26 cycles of amplification were performed. The products of the second PCR were digested to completion with EcoRI and analyzed as above. About 50% of the single cells analyzed in this way gave a strong PCR product, probably reflecting heterogeneity in the induction of the tissue culture cells. The HBG3 and HBG4 primer pair was as follows: HBG3 (CCT CAA GGG CAC CTT TGC C); HBG4 (GCC ACA CCA GCC ACC AC) (a 174 bp fragment was generated, and EcoRI digestion cut the human product into fragments of 124 and 50 bp).
RESULTS
Experimental strategy. The DT40 shuttle system (13) was used to generate targeted mutations in the human ␤-globin LCR. In this system, human chromosome 11 is introduced into the chicken pre-B-cell line DT40, which exhibits highly efficient gene targeting. As shown previously (13) , the chicken/human hybrids are viable, stable, and recombination proficient. The human ␤-globin genes are not expressed in DT40, and, of the LCR HSs, only 5ЈHS2 is formed, consistent with a closed chromatin structure (13a). Human chromosome 11 retains its potential to express the ␤-globin genes when it is transferred back into the erythroid background of MEL cells (13) .
The human chromosome 11 used as a substrate for these experiments had been modified previously in DT40 by HR (13) (see Fig. 1 ). A hygromycin B resistance gene was inserted in the Ha-ras locus, located approximately 5 Mb away from the ␤-globin locus, to allow selection for the chromosome without influencing ␤-globin expression, and a recognition site for the site-specific recombinase FLP (FRT site) was introduced between 5ЈHS1 and 5ЈHS2 of the LCR. This mutation did not affect the expression of the ␤-globin gene when the chromosome was reintroduced into erythroid cells (13) .
The HR construct used to create deletions within the LCR is depicted in Fig. 1 . HR introduces a loxP recognition site for the site-specific recombinase Cre upstream of 5ЈHS5 and a neomycin resistance gene flanked by the FRT and loxP sites between 5ЈHS4 and 5ЈHS5 of the LCR without deleting any LCR sequences. In conjunction with the FRT site already in place between 5ЈHS1 and 5ЈHS2, the introduced recombinase sites allow excision of either 5ЈHS2 to 5ЈHS4, 5ЈHS2 to 5ЈHS5, or 5ЈHS5, together with the marker gene upon expression of the appropriate recombinase. In addition, a site-specific recombination event involving only the recombinase sites flanking the neomycin resistance gene will excise this gene alone and restore the wild-type structure of the LCR except for the addition of loxP and FRT sites. Removal of the selection marker is necessary, since we have shown that the insertion of an expressed gene into the ␤-globin LCR disturbs LCR function (15, 34) .
After DT40 cells were transfected with the HR construct, 36 G418-resistant clones were obtained, of which 4 were correctly targeted as determined by Southern analysis. Only one of these clones contained the loxP site upstream of 5ЈHS5, indicating that the 5Ј recombination event occurred preferentially in the smaller inner part of the 5Ј homology.
Transfer of this 5-neo-4 chromosome into MEL and GM979 cells (see below) for expression analyses was performed by microcell fusion followed by selection against DT40 cells and for MEL cells which have acquired the human chromosome. Southern blotting was used to assess the presence of the human ␤-globin locus. We obtained several 5-neo-4 MEL/ GM979 lines, one of which was used to generate the deletions in the human ␤-globin LCR described above by transient expression of the site-specific recombinases Cre and FLP. We analyzed neomycin-sensitive lines by Southern blotting (data not shown, but see Fig. 5 ) and isolated several lines carrying each of the desired mutations, including lines that had recreated the wild-type LCR through a recombination event removing only the neomycin resistance gene.
Breakage of the human chromosome and integration of human chromosome fragments into mouse chromosomes is often observed upon chromosome transfer into MEL cells (13, 38) . Thus, the hybrid MEL lines obtained via the above strategy were analyzed by fluorescent in situ hybridization with probes from the chromosome 11p15 region and a chromosome 11 paint. In most lines, hybridization to human markers located more than 5,000 kb on either side of the ␤-globin locus was observed, and all lines contained a minimum of 1,300 kb of human chromosome 11 sequence on either side of the locus. All the lines were kept in hygromycin B to select against loss of the human chromosome fragment.
5HS2 to 5HS4 are required for expression of the adult ␤-globin gene. We analyzed transcription of adult ␤-globin in MEL cells induced with hexamethylene bisacetamide (HMBA) by an RT-PCR assay that involves a primer pair which coamplifies the adult human (␤-globin and ␦-globin) and the adult mouse (␤-major and ␤-minor) ␤-globin transcripts. The human and mouse PCR products can be distinguished by the presence of an EcoRI restriction site in the human products, and the uncut mouse PCR products serve as an internal control for induction efficiency, RNA input, and RT-PCR efficiency. The primers span an intron so that coamplified genomic DNA would lead to a larger PCR product.
Each of the six independent lines obtained after transfer of the 5-neo-4 chromosome into MEL expresses adult ␤-globin, albeit in very small amounts (data not shown). One such line was used to generate wild-type and LCR deletion lines. All wild-type lines derived from this 5-neo-4 line by the excision of the selectable marker express the adult human ␤-globin gene at levels comparable to the high-level expression of the murine adult ␤-globin genes (Fig. 2) . Thus, the low level of adult human ␤-globin expression in the 5-neo-4 lines is due to the insertion of the selection marker between 5ЈHS4 and 5ЈHS5, as observed previously when a selectable marker was introduced between 5ЈHS1 and 5ЈHS2 (15, 34) . These results demonstrate that the insertion and subsequent removal of the selectable marker gene, the retention of FRT and loxP sites in the LCR, and the shuttle in and out of DT40 cells did not impair LCR function or ␤-globin expression. Furthermore, lines of identical genotype derived from the 5-neo-4 line through transient introduction of FLP and Cre vary only slightly in ␤-globin expression.
Deletion of 5ЈHS5 (⌬5) leads to a mild reduction of expres-sion. In contrast, deletion of 5ЈHS2 to 5ЈHS4 (⌬2-4) and deletion of 5ЈHS2 to 5ЈHS5 (⌬2-5) have a dramatic effect on the transcription of the adult human ␤-globin gene. Both the ⌬2-4 and the ⌬2-5 deletions eliminate detectable adult human ␤-globin expression in each independent line we obtained. 5HS2 to -4 are required for expression of the embryonic and the fetal ␤-like globin genes. The MEL line used above and in the analysis of the Hispanic thalassemia mutation expresses only the adult genes of the human and murine ␤-globin locus. To test the effect of the LCR mutations on expression of the other ␤-like globin genes, we transferred the 5-neo-4 chromosome from DT40 into GM979 cells. This MEL subline expresses the murine embryonic Ey-and ␤h1-globin genes, in addition to the adult ␤-globin genes, and expression of human ε-, ␥2-, and ␤-globin is activated when a human chromosome 11 is introduced into these cells (7, 69) . Similarly to the RT-PCR assay described above, human embryonic ε-globin transcription was analyzed with a primer pair that amplifies both murine Ey-and human ε-globin, which were distinguished by a restriction cut in the murine PCR product (Fig. 3A) . Likewise, murine ␤h1-and human A␥-globin and G␥-globin were coamplified with another primer pair and distinguished by a humanspecific restriction site (Fig. 3B) . RT-PCR analysis of adult ␤-globin expression was performed as described above (Fig. 3C) .
As in the MEL background, all four of the independent 5-neo-4 GM979 lines obtained after transfer of chromosome 11 from DT40 showed low-level human ␤-globin expression (data not shown), and one line was used to generate subclones with deletions in the LCR by site-specific recombination. Analysis of ␤-globin expression in the GM979 cells showed larger variations among individual lines with the same genotype than in the MEL cells (Fig. 3) . A wide variation in the ratios of the various murine ␤-globin gene transcripts has been observed in GM979 subclones (69) . Thus, the variations we observed most probably reflect line-to-line differences in the ratios of expression of the various murine and human ␤-globin genes in the GM979 background. Despite this variation, it is clear that compared to the wild-type lines, the 5-neo-4 insertion line showed a reduction in expression of all genes of the ␤-globin locus. As in the MEL lines, deletion of 5ЈHS2 to 5ЈHS4 (⌬2-4) or of 5ЈHS2 to 5ЈHS5 (⌬2-5) had a dramatic effect on human ␤-like globin gene expression. Both deletions result in the complete loss of human ε-, ␥-, and adult ␤-globin expression (Fig. 3) .
We also tested the effect of these deletions on uninduced ␤-globin expression. We found that in both the MEL and the GM979 backgrounds, the ⌬2-4 and the ⌬2-5 lines also failed to express human ␤-like globin in uninduced cells, while the wild-type cells expressed the human and murine ␤-like globin genes at a lower level than induced cells did (data not shown). Also, no human ␤-globin expression was seen in the ⌬2-4 and the ⌬2-5 lines in MEL or GM979 cells when they were induced with sodium butyrate, an inhibitor of histone deacetylase which stimulates human and murine ␤-globin gene expression in wild-type cells and murine ␤-globin gene expression in the ⌬2-4 and the ⌬2-5 lines (data not shown [see Discussion]).
In aggregate, comparison of the ⌬5 lines to wild-type lines did not reveal a dramatic effect of the deletion of 5ЈHS5 on human ␤-like globin expression; however, the large variation among the individual wild-type and 5ЈHS5 deletion lines does not allow a precise assessment of the effect of this mutation in the GM979 cells.
FIG. 2.
RT-PCR analysis of induced ␤-globin transcription in the LCR mutations in MEL cells. RT-PCR was performed with a primer pair which coamplifies the human and murine adult ␤-globin mRNA followed by restriction enzyme digestion specific for the human product and gel electrophoresis. Individual lines with the indicated genotype were analyzed (the second 5-neo-4 line shown is a subclone of the 5-neo-4 line used to create the LCR mutations that was transfected with FLP but did not carry out a recombination event). The ratio of human to mouse signal is shown below the autoradiograph. Note that the weak bands that appear above the main ␤-globin bands are proportional in their intensities to the correct bands. wt, wild type. Fig. 2 with primer pairs which coamplify the murine and human ␤-globin mRNAs followed by a species-specific restriction digest. (A) Coamplification of human ε-globin and mouse Ey. (B) Human ␥-globin and mouse ␤h1 expression. (C) Adult human and murine ␤-globin expression. The ratio of human to murine signal after quantitation is shown below each lane. ES and K562 are controls for mouse-and human-specific signals and the restriction enzyme digestion. wt, wild type.
FIG. 3. RT-PCR analysis of induced ␤-globin transcription in GM979 cells. RT-PCR was performed as in

Analysis of single cells and 10-cell pools shows no human
␤-globin expression in lines carrying the LCR-deleted chromosome. Recent data show that enhancers like the ␤-globin LCR do not act solely by increasing the level of transcription per cell; these elements may also increase the probability that a cell expresses a gene at a fixed level (46, 65, 66) . Thus, it is possible that a small number of cells carrying the ⌬2-4 or ⌬2-5 deletion express wild-type levels of ␤-globin RNA ("jackpot cells"). To address this possibility, we analyzed the expression of human adult ␤-globin in sorted single MEL cells isolated by flow cytometry. We used an RT-PCR assay similar to the assays described above which involved two nested primer pairs which coamplify murine and human ␤-globin. As above, the human signal and the murine signal were distinguished by a restriction polymorphism and the uncut murine signal was used as an internal control. Representative examples of results obtained by analyzing single ⌬2-5 and wild-type cells are shown in Fig. 4A and B. In cells carrying the wild-type chromosome, 31 of 50 single cells examined showed expression of both murine and human adult ␤-globin genes. In contrast, after deletion of 5ЈHS2 to 5ЈHS4 or 5ЈHS2 to 5ЈHS5, no human ␤-globin expression was detected in any of the 53 single cells analyzed, while mouse ␤-globin expression was observed in 26 cells. To analyze a larger number of cells, we analyzed ␤-globin transcription in 10-cell pools, reasoning that the sensitivity of the RT-PCR assay would allow detection of human ␤-globin signal even if only one of the 10 cells expressed marked amounts of adult human ␤-globin. Representative results of these experiments are shown in Fig. 4C . No human ␤-globin signal was observed in any of the 44 10-cell pools from the ⌬2-4 or ⌬2-5 cells we analyzed, whereas mouse ␤-globin transcripts were observed in 43 of 44 10-cell pools from these lines and 5 of 5 wild-type 10-cell pools analyzed showed both human and murine ␤-globin transcripts. In summary, we found no evidence that any cell of the ⌬2-4 or ⌬2-5 genotype expresses adult human ␤-globin at or near wild-type levels. In fact, we did not detect any human ␤-globin RNA in any single cell or 10-cell pool of these genotypes.
The open chromatin structure of the ␤-globin locus is maintained in the absence of 5HS2 to 5HS5. We next determined if the deletions within the LCR inhibit the formation of the remaining HSs of the LCR and if the loss of human ␤-globin expression correlates with the loss of DNase I hypersensitivity in the LCR.
Digestion of MEL cells in situ with DNase I and Southern blot analysis with probes on either side of the deletions demonstrates that the remaining LCR HSs are formed at comparable intensities to those in wild-type cells in the deletions which inactivate ␤-globin expression (e.g., 5ЈHS1 and 5ЈHS5 in the ⌬2-4 deletion and 5ЈHS1 in the ⌬2-5 deletion) (Fig. 5) . Deletion of 5ЈHS5 has no effect on the formation of 5ЈHS4 and 5ЈHS1, and likewise insertion of the neo gene between 5ЈHS4 The fragments which can be observed in the different mutations with the two probes are indicated to the right, with P denoting PvuII sites. 5ЈHS3 is located so close to a PvuII site that it cannot be distinguished from the PvuII band by this probing strategy. The 5-neo-4 insertion leads to the insertion of a PvuII site between 5ЈHS5 and 5ЈHS4. All data shown are from one filter that had been hybridized sequentially to the EB and the RN probes. wt, wild type. and 5ЈHS5 has no effect on the formation of 5ЈHS5 or 5ЈHS1. The same results were obtained with the GM979 lines (data not shown). We also analyzed the formation of a developmentally stable HS at the 3Ј end of the locus, 21.8 kb 3Ј to the ␤-globin gene (3Ј ␤-globin ϩ21.8 site), which is absent in the T-MEL line (19) . We found that this HS was formed at a comparable intensity in the ⌬2-5 background to that in a wild-type line (data not shown).
The formation of HSs in the ␤-globin and other loci is usually indicative of an open chromatin structure (22, 54) , but it has been observed that HSs can form in a locus which is in a DNase I-resistant closed conformation (17) . We therefore analyzed the general DNase I sensitivity of the human ␤-globin locus by examining the relative sensitivities of restriction fragments outside of transcribed regions, which did not contain HSs (Fig. 6) . The unexpressed human myoD gene on the transferred chromosome 11 served as a resistant control (hmyoD), and a fragment from the DNase I-sensitive endogenous mouse ␤-globin locus (m5ЈLCR) served as a control for an open chromatin conformation. The analysis shows that the similarly sized fragment from the human ␤ pseudogene region (h␤) and the murine m5ЈLCR fragment show almost identical digestion kinetics and that the human fragment from the region 3Ј of the adult ␤-globin gene (h3Ј␤) is more sensitive to DNase I than is the much larger hmyoD fragment. We conclude that like the wild-type ␤-globin locus, the ⌬2-5 locus is sensitive to DNase I. Since the lines we analyzed were kept in culture for several months prior to analysis, we conclude that the sensitivity of the ␤-globin locus is maintained at least several hundred cell divisions after deletion of 5ЈHS2 to 5ЈHS5. These results demonstrate that 5ЈHS2 to 5ЈHS5 are not required for maintenance of the open chromatin structure of the human ␤-globin locus.
DISCUSSION
The many experiments that have been performed to unravel the complexities of the ␤-globin regulation have led to a model that the ␤-globin LCR contains three activities: an erythroid cell-specific enhancer, a chromatin-opening activity (both of which are located in 5ЈHS1 to 5ЈHS4), and an insulating element (5ЈHS5) (23) . The data presented here show that the postulated chromatin-opening and -insulating activities are dispensable in the erythroid background whereas the enhancer activity is crucial for transcription of any of the ␤-globin genes in every cell, even when the deletion of the LCR is performed in the background of an erythroid cell able to transcribe ␤-globin.
Role of the LCR in transcription. Although DNase I hypersensitivity is observed at 5ЈHS1 and 5ЈHS5 after deletion of 5ЈHS2 to 5ЈHS4, the presence of these elements is not sufficient for any measurable transcription of the ␤-globin genes in the MEL and GM979 cell backgrounds, correlating with their lack of activity in transfections and transgenic-mouse analyses (9, 21, 32) . The continuous requirement for the LCR for transcription of the genes in the ␤-globin cluster is compatible with FIG. 6 . General DNase I sensitivity of the human ␤-globin locus. Nuclei were digested with increasing amounts of DNase I, and DNA was purified, cut with EcoRI, and analyzed by Southern blotting. Hybridization against the probes indicated on the left of the panel was performed. (The sizes of the resulting bands in kilobases are given on the right.) Quantitation, with the undigested band set at 1, is shown below. Probes: ␤ and 3Ј␤, in the human ␤-globin pseudogene and 3Ј of the human ␤-globin gene; m5ЈLCR, sensitive region upstream of the murine ␤-globin LCR; hmyoD, the human myoD gene region on chromosome 11 as a resistant control. a number of current models of LCR function. For example, activators bound by the LCR may interact directly with components of the ␤-globin gene promoters to facilitate the assembly of transcription complexes. It has been suggested that such an interaction is mediated through the LCR binding protein NF-E2 and the TATA binding protein TAFII130 (2) . The LCR may also influence transcription by changing the subnuclear localization of the ␤-globin locus, for example, through interactions with the nuclear matrix. Furthermore, transcription of the LCR itself (3, 62) may play a role in regulating the expression of the ␤-globin genes. Clearly, all of these potential activities of the LCR could be affected by our LCR deletions.
In the chicken ␤-globin locus, the DNase I-sensitive domain coincides with the region of increased acetylation of histone H4 (28) . It is possible that the LCR serves as an anchor for proteins involved in acetylation of histones within the ␤-globin locus, which in turn could trigger transcription (reviewed in reference 59). However, as mentioned above, sodium butyrate, an inhibitor of histone deacetylase, did not activate transcription from LCR-deleted ␤-globin loci, suggesting that maintenance of global histone acetylation is not the sole pathway of LCR action. Nonetheless, these experiments do not eliminate the possibility that the LCR is required to maintain specific patterns of histone acetylation (50) that may not be reproduced by inhibition of histone deacetylation.
The requirement for the continuous presence of the LCR to maintain ␤-globin transcription is reminiscent of the few cases in which enhancers were deleted from their natural chromosomal position. Deletion of the upstream enhancer of the human ␤-globin locus (HS-40) in MEL cells led to a severe reduction of ␣-and -globin expression. Formation of constitutive and erythroid cell-specific HSs in the locus was tested only in the presence of the selectable marker replacing the HS-40 enhancer and was found to be unaffected (4) . The ␣-globin enhancer, however, does not possess LCR activity and lies in a constitutively open chromatin environment; therefore, it is not likely to play a role in chromatin opening (10) . Deletion of the immunoglobulin heavy-chain enhancer region after the establishment of transcriptional competence in stable lines resulted in loss of expression of the heavy-chain gene (25) . This observation and more recent homologous recombination studies (48) imply that the heavy-chain enhancer is required for both initiation and maintenance of transcription. However the effect of the deletion on chromatin structure was not analyzed in either study. It has also been shown that continuous binding of activated glucocorticoid receptor to the glucocorticoid response element of the TAT gene and HS formation is required for the maintenance of TAT transcription, although DNase I hypersensitivity of the promoter is independent of hormone induction (53) .
The mutations we studied in this investigation eliminated all detectable ␤-globin gene expression in populations of cells and individual cells. Thus, our studies have not been informative about whether the LCR predominantly controls the level of expression within each cell or whether it controls the probability that expression is activated in a given cell (see the discussion in reference 42). The creation of less severe mutations in the LCR, resulting in reduction rather than elimination of expression, is required before this issue can be expressed.
Role of the LCR in maintenance of an open chromatin structure. In some transgenic-mouse analyses, deletion of LCR HSs has been reported to result in position-dependent variegated expression patterns, heterochromatin formation, and/or lack of formation of the remaining HSs (14, 43, 54, 66) . We cannot exclude the possibility that the deletion of the LCR results in small local changes in the chromatin structure of the ␤-globin locus which are not detected by our assays and which influence the transcription or other properties of the locus. However, we clearly did not observe the global changes in chromatin structure and the heterochromatinization of the locus which have been described in some of the cases when the ␤-globin locus was inactivated by deletions of the LCR. Our experiments show that in erythroid cells, maintenance of the ␤-globin locus in an open chromatin structure does not require the LCR. Since these LCR deletions were made in the erythrocyte environment, our experiments did not address whether the human ␤-globin LCR plays a role in opening the chromatin of the locus or in keeping the locus open in cells of earlier erythroid stages. We reported previously that the degree of inactivation of a reporter gene after recombinase-driven deletion of an enhancer varies strongly between integration sites (66) . In addition, transgenic-mouse analyses have revealed that constructs containing incomplete human ␤-globin or CD2 LCRs demonstrate heterochromatinization and loss of HS formation predominantly when the transgenes were integrated near the centromere (14, 43) . The failure of our LCR deletions to close the ␤-globin locus suggests that either the locus is not located in a region subjected to spreading heterochromatin or there may be as yet undetected elements in the ␤-globin locus that prevent heterochromatinization (see below). Our finding of an open chromatin structure of the ␤-globin locus in the absence of transcription reinforces the notion that transcription of the ␤-globin genes is not required for the maintenance of the open conformation of the ␤-globin chromatin domain. In particular, our experiments demonstrate that the maintenance of the open conformation of the ␤-globin locus is not the consequence of postulated LCR-promoter interactions.
Comparison of our LCR deletions to the Hispanic thalassemia phenotype. The deletion of 5ЈHS2 to 5ЈHS4 and of 5ЈHS2 to 5ЈHS5 recapitulates the transcriptional phenotype of the Hispanic thalassemia deletion. Our analysis of transcription in the GM979 cells revealed that in addition to the adult ␤-globin genes, the embryonic and fetal human ␤-globin genes are inactivated in the endogenous locus by deletion of 5ЈHS2 to 5ЈHS5. In contrast, the chromatin phenotype of Hispanic thalassemia is not reproduced by the deletion of 5ЈHS2 to 5ЈHS4 or 5ЈHS2 to 5ЈHS5: the remaining HSs are formed, and the chromatin remains in an open conformation. This discrepancy may be due to the different history of the respective chromosomes and the cellular backgrounds in which the deletions were performed. Alternatively, there may be as yet uncharacterized regulatory elements either in the region upstream of 5ЈHS5, which is deleted in Hispanic thalassemia, or in the region upstream of the 5Ј Hispanic breakpoint, which is moved closer to the ␤-globin genes by the deletion. It is also possible that multiple elements spread throughout the locus contribute to maintaining the open chromatin structure of the locus.
Role of 5HS5. Our results raise the possibility that there are regulatory elements located upstream of 5ЈHS5. If 5ЈHS5 functioned as an insulator, as has been suggested (8, 39) , the ␤-globin locus would be shielded from the effects of these elements. We found that in the erythroid background, the deletion of 5ЈHS5 had only a small effect on transcription of the ␤-globin genes and no effect on the formation of neighboring HSs. These results argue that in the endogenous locus in erythroid cells, 5ЈHS5 is not required to shield the locus from proposed neighboring heterochromatin. It is possible, however, that 5ЈHS5 plays a role earlier in development or in restricting ␤-globin expression to erythroid cells, since loss of tissue-specific expression has been observed after the deletion of components of other LCRs (6, 51) .
Phenotype of the 5-neo-4 insertion. We reported previously that insertion of a Friend enhancer/promoter-driven hygromycin B or neomycin resistance gene between 5ЈHS1 and 5ЈHS2 abolished ␤-globin transcription completely (15, 34) . In comparison, the insertion of a pgk promoter neomycin resistance gene cassette between 5ЈHS4 and 5ЈHS5 described here reduces the transcription of the ␤-globin genes significantly but does not abolish it. The mechanism by which integration of a transcribed gene into the LCR negatively affects transcription is not known, but our result shows that a gene does not have to be located between the LCR 5ЈHSs with strong enhancer activity (5ЈHS2 to 5ЈHS4) and the ␤-globin genes to interfere with transcription. In addition, our results show that the repression observed in the 5-neo-4 insertion cannot be due to blocking the influence of 5ЈHS5 on expression, since removal of 5ЈHS5 had a much smaller effect on ␤-globin expression. For both insertions, LCR activity was restored by the subsequent excision of the selection marker, showing that the effects of the insertion on the locus are reversible.
Comparison to the mouse ␤-globin LCR mutations. It is interesting to compare the phenotypes of the deletions in the human ␤-globin LCR described here to those observed in mice when deletions were created in the murine ␤-globin LCR by homologous recombination (references 16 and 31 and unpublished data). Deletions of individual HSs have only small negative effects on transcription of the ␤-globin genes and no effect on the formation of neighboring HSs. This includes deletion of the region homologous to human 5ЈHS5, which further argues against an essential role of that region in ␤-globin regulation (3b).
We have also analyzed the effect of deletion of murine 5ЈHS1 to 5ЈHS5 on the transcription and chromatin structure of the murine ␤-globin locus in tissue culture cells (13b) . Similar to the results reported here for the human locus, we observed that deletion of the murine LCR in erythroid cells has no effect on the chromatin structure of the locus: it remains in a DNase I-sensitive conformation in erythroid cells. However, the mouse LCR deletion results in partial, rather than complete, reduction in ␤-globin gene transcription. We are currently examining if the residual transcription in the mouse locus is due to the elimination of 5ЈHS1 (which we did not delete in our analysis of the human locus reported here), the different cellular backgrounds in which these assays were performed, the different histories of the human and murine chromosomes used in the analyses, or a difference in the regulation of the two loci. Whatever the basis of this difference, it is clear that components of the LCR, as defined by 5ЈHS1 to 5ЈHS5, are required for high-level transcription of the genes in the human and mouse ␤-globin loci, even in the context of an open chromatin conformation in erythroid cells. Both systems offer the opportunity to insert specific sequences into chromosomes with the LCR deletion and determine the requirements for high-level transcription in the endogenous ␤-globin locus.
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